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The Yilgarn and Pilbara Cratons of Western Australia are amongst the largest segments of Archean
crust on Earth. Unraveling the geological history hidden in these ancient rocks has been a major
challenge, involving many years of geological fieldwork, geochemical and geophysical studies and,
most significantly, the application of isotopic dating. In this contribution we present a brief
overview of the role of isotopic dating in providing numerical measurements of the geological age
of igneous and metamorphic events and resolving key questions on the evolution of the cratons.
Our review begins with the building of the first mass spectrometer in the Physics Department at
the University of Western Australia in the 1950s. We follow the rapid evolution of techniques and
concepts of isotopic dating up to the present day when the integration of accumulated
geochronological data provides a high-resolution record of Archean events in the Yilgarn and
Pilbara Cratons. We highlight major achievements, including the identification of the oldest
fragments of the Earth’s crust in metasedimentary rocks of the Yilgarn Craton and the
determination of the age of the world’s oldest fossils in the Pilbara Craton. Isotopic dating and
associated isotope geochemistry have increasing roles to play in resolving problems of crustal
evolution and deep crustal structure in the Archean cratons of Western Australia.
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INTRODUCTION

The geology of Western Australia is dominated by two
Archean cratons, the Pilbara in the north and the Yilgarn
in the south (Figure 1), overlain by volcanosedimentary
basins and surrounded and separated by Proterozoic
orogenic belts. The two cratons are amongst the largest
segments of Archean crust on Earth and are immensely
important as a store of economic mineral deposits and
for their unique preservation of early life and Hadean
and Archean geological history. However, unraveling the
geological history of the cratons is extremely challenging,
especially in the Yilgarn Craton, where outcrop is scarce,
deep weathering is common, and the correlation of non-
contiguous greenstone and sedimentary units or igneous
bodies is uncertain. This challenge has been largely met
by the application of isotopic dating and isotope
geochemistry. For example, Wyche et al. (2012) stated that
’...of particular significance is the accumulating body of
geochronological and isotope data that has allowed the
major periods of crustal growth in the Yilgarn Craton to
be identified’. A similar comment can be made for the
Pilbara Craton. The story of isotopic dating is one of
evolving technical advancement coupled with new
concepts and applications, many of which were
developed and tested on problems from the Archean of
Western Australia. It is, therefore, most appropriate that
a paper on the evolution of geochronological knowledge
on the Archean of Western Australia is part of this
centennial volume.

The present review follows in the footsteps of earlier
historical reports on the contribution of isotopic dating to
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studies of the Archean rocks of Western Australia.
Wilson et al. (1960) reviewed data from Peter Jeffery’s
laboratory at the University of Western Australia (UWA),
and were the first to recognise the widespread occurrence
of ~2700 Ma granitic rocks in the southwest of Western
Australia. Compston & Arriens (1968) and Arriens (1971)
summarised new K—-Ar and Rb-Sr age determinations on
Australian Precambrian rocks up until 1967, recognising
at this early stage the contrast between the 3000-2900 Ma
ages in the Pilbara Craton and the 2700-2600 Ma ages
that predominate in the Yilgarn Craton. De Laeter &
Trendall (1979) described the early history of
geochronology from the discovery of radioactivity, the
development of mass spectrometry from Aston to Nier,
the early evolution of the U-Pb, K-Ar and Rb-Sr
techniques, to the construction of the first mass
spectrometer in Western Australia in the Physics
Department at UWA. A further review in this journal by
De Laeter (1994), on the occasion of receiving the Royal
Society Medal for 1993, continued the theme of
geochronology of the early Earth and described some
highlights of research on the Archean of Western
Australia since 1979, including the discovery of >4 Ga
zircons in quartzites of the Narryer Terrane (Froude et al.
1983). Particularly valuable are his comments on early
geochronological research at the Western Australian
Institute of Technology (WAIT, later to become Curtin
University) and the early history of Peter Jeffery’s
laboratory at UWA. Each of these reviews is exceptional
in conveying the experiences of individuals involved in
leading geochronological research at that time.

In this review, we briefly summarise material covered
in earlier reviews and follow the history of
geochronological research on the Archean of Western
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Australia up to the present day. A useful introduction to
methods and concepts is provided by Kirkland &
Wingate (2013). Photographs of some of the
geochronologists who have made valuable contributions
to the geochronology of the Archean of Western
Australia are included in Figures 2 and 3. However, the
proliferation of U-Pb zircon data in support of projects
by the Geological Survey of Western Australia (GSWA)
and Geoscience Australia (GA), the introduction of new
dating and isotope technologies, and the wide range of
contributions from Australian and overseas laboratories
has made a comprehensive review impossible to achieve
within the limitations of this article and we regret that
some valuable contributions may not be accorded the
recognition they deserve.

MILESTONES IN GEOCHRONOLOGY OF
THE ARCHEAN OF WESTERN
AUSTRALIA

Peter Jeffery’s laboratory in the Department of Physics,
UWA

In the early 1950s, little was known of the ages of
geological events in the Yilgarn and Pilbara Cratons.
Isotopic dating methods using thermal ionisation mass
spectrometry (TIMS) were only just being developed in
several laboratories in the USA [eg Rb-Sr (Aldrich et al.
1953); K-Ar (Wasserburg 1954); U-Pb (Tilton et al. 1955)].
Inspired by the potential of these new developments, Peter
Jeffery, together with PhD student David Greenhalgh,
assembled a Nier-type solid-source mass spectrometer,
provided through a grant from the Department of
Terrestrial Magnetism of the Carnegie Institution in
Washington, in the basement of the Physics Building at
UWA for the purpose of isotopic dating (Greenhalgh &
Jeffery 1959). They were joined by William Compston,
Glen Riley, and soon after, by John De Laeter, in
pioneering research into the timing of geological events in
the development of the Yilgarn and Pilbara Cratons.

Rb-Sr whole-rock dating

An important factor in the early success of the physics
group from UWA was the collaboration with Alan
Wilson from the UWA Geology Department. With
Wilson to guide them in the field, the group undertook
Rb-Sr dating of granites from the Darling Range
Batholith in the hills to the east of Perth. Their discovery
that the Rb-Sr age of a granite could be determined from
a number of ‘whole-rock” samples was a milestone in
Rb-Sr geochronology (Compston & Jeffery 1959;
Compston et al. 1960) and a major influence on
geochronological studies of the Archean of Western
Australia for 30 years. Their age of 2700 Ma for the
granite at Canning Dam was the first precise age of a
granite from the Yilgarn Craton. In 1960, Alan Wilson
left UWA to take up the Chair of Geology at the
University of Queensland and in 1964, Glen Riley took a
position at the Australian Atomic Energy Commission at
Lucas Heights. Bill Compston, who was by then on the
UWA Physics staff, relocated to Canberra, to establish a
Rb-Sr laboratory in the Department of Geophysics and
Geochemistry at the Australian National University
(ANU). These staff movements resulted in the
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disbanding of the UWA geochronology group. Jeffery
concentrated his further research on nuclear astrophysics
and no geochronological measurements were made in
Western Australia for almost a decade, although
Compston continued Rb-Sr isotopic dating at ANU.

Isotopic dating at the Australian National University
(ANU)

In 1961, Compston and his group at the ANU converted
a Metropolitan—Vickers MS2 gas-source mass
spectrometer to a solid-source instrument for Rb-Sr
dating. In an early PhD study, Turek (1966)
demonstrated that gold mineralisation at Coolgardie,
Kalgoorlie and Norseman defined a Rb-Sr total-rock
isochron of 2400 + 40 Ma. Pieter Arriens, a PhD graduate
from UWA, joined Compston and undertook a wide-
ranging Rb-Sr whole-rock study of granites from the
Yilgarn and Pilbara Cratons. A review of
geochronological knowledge of the Yilgarn and Pilbara
Cratons up to that time was presented at the 1967
International Conference of Precambrian stratified rocks
in Edmonton (Compston & Arriens 1968). In addition to
Rb-Sr dating, Virginia Oversby from ANU reported Pb—
Pb isochron ages of 2760-2630 Ma, using K-feldspar—
plagioclase—total-rock samples, for eight intrusive bodies
in the Kalgoorlie-Norseman area in the Yilgarn Craton
(Oversby 1975).

In 1980 Malcolm McCulloch established a Sm-Nd
laboratory at the ANU and applied the technique to
dating Archean gneisses in the Yilgarn Craton
(McCulloch et al. 1983 a, b). The success of Hamilton et al.
(1979) in using the Sm-Nd whole-rock method to date
Archean greenstones in South Africa raised the
possibility that this technique could be used to date mafic
rocks, a long-standing problem in geochronology. Dating
the Archean greenstones of the Yilgarn Craton was the
immediate challenge and McCulloch & Compston (1981)
determined an isochron age of 2790 + 30 Ma for the
Kambalda greenstone sequence and also concluded, from
the high initial **Nd/**Nd, that the mantle had been
highly depleted by the late Archean. However, Claoué-
Long et al. (1984) questioned the McCulloch & Compston
(1981) result for including associated sodic granites and a
felsic porphyry in the isochron calculation and reported
a re-determined Sm-Nd isochron age of 3262 + 44 Ma for
whole-rock samples of mafic—ultramafic lavas from the
Kambalda area. This latter age was very controversial as
it contradicted Pb isotope evidence suggesting the age of
the lavas was close to 2700 Ma (Roddick 1984). This was
finally resolved by a SHRIMP U-Pb age of 2692 + 2 Ma
on pyroclastic zircons from a chert unit within the
greenstone sequence (Claoué-Long et al. 1988). The old
whole-rock Sm—Nd date of Claoué-Long et al. (1984) was
seen to be the product of mixing of unrelated rock
components raising general questions on the application
of the technique as a precise dating tool.

Dirk Nieuwland continued to operate the
conventional U-Pb zircon laboratory and reported U-Pb
zircon ages of ~3250 Ma for gneisses from the Toodyay
district (Nieuwland & Compston 1981). In a rare
application of K-Ar dating to Archean rocks of Western
Australian, Wijbrans & McDougall (1987) reported *Ar—
¥Ar ages of 2900-2840 Ma for metamorphic amphiboles
from the eastern Pilbara Craton and interpreted them as
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indicating prolonged high temperatures within the Shaw
Batholith or else dating a later thermal pulse associated
with the intrusion of post-tectonic granitoids.

Alec Trendall arrives at the Geological Survey of
Western Australia (GSWA)

The appointment of Alec Trendall from the Geological
Survey of Uganda to the position of petrologist at GSWA
in 1962 was arguably the next milestone in the
development of geochronology in Western Australia.
Trendall had been mapping Archean rocks in Uganda
and realised the necessity of having accurate
geochronological data for understanding Archean
geology. On the advice of Peter Jeffery, he began a long-
term cooperation with Compston at the ANU on Rb-Sr
dating of rocks from the Archean of Western Australia.
With the start-up of isotopic dating at WAIT in 1968,
Trendall initiated a program of Rb-Sr dating between
geologists from the GSWA and the De Laeter group at

WAIT. During his long career at GSWA, where he served
as Director from 1980 to 1986, Trendall remained a
tireless advocate of geochronology.

Development of Thermal Ionization Mass
Spectrometry (TIMS) at WAIT

The next important development in Archean
geochronology was the appointment in 1968 of John De
Laeter, a former student of Peter Jeffery, to head the
newly established Physics Department at the Western
Australian Institute of Technology (WAIT). One of his
first actions was to purchase a 12 inch radius, MS12 solid-
source mass spectrometer and build a Rb-Sr dating
laboratory. Later that year he formed a close working
relationship with Alec Trendall, where GSWA field
geologists submitted samples of Archean rocks from the
Yilgarn and Pilbara for Rb-Sr dating (Muhling & De
Laeter 1971; De Laeter et al. 1975, 1981b; De Laeter &
Baxter 1987).
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Pb-Pb geochronology at the University of Western
Australia (UWA)

In another landmark development in 1978, Hazel
Chapman, with Michael Bickle and Neal McNaughton,
set up a Pb-Pb laboratory at the Department of Geology
at UWA. Samples were prepared at UWA and mass
spectrometry was undertaken at WAIT. Pb-Pb studies
included the report of a ~2700 Ma age for gneisses from
the Diemals area north of Southern Cross (McNaughton
& Bickle 1987). The group also studied the Pb-Pb
geochronology of granite plutons in the Pilbara Craton
(Bickle et al. 1989). Bickle and Chapman returned to the
UK late in 1982, leaving McNaughton to carry on the
laboratory within the Key Centre for Strategic Mineral
Deposits headed by David Groves. Research focused on
investigating the ages and origin of Yilgarn
mineralisation (McNaughton & Cassidy 1990;
McNaughton & Groves 1996) and included results of
student theses (Perring & McNaughton 1990, 1992).

Sm-Nd and zircon U-Pb dating at WAIT

In 1978, Ian Fletcher joined the WAIT group as a research
fellow on an ARC grant to Kevin Rosman and Alec
Trendall to establish a Sm—Nd dating laboratory. Projects
included a number of Sm—Nd model-age traverses across
the Yilgarn Craton (Fletcher & Rosman 1984; Fletcher et
al. 1983, 1985). In a landmark paper, De Laeter et al.
(1981a) reported a 3348 + 43 Ma Rb-Sr whole-rock age,
supported by Sm-Nd age results, for banded gneisses
near Mt Narryer in the northwest Yilgarn Craton,
identifying the Narryer region as a uniquely old part of
the Yilgarn Craton. De Laeter ef al. (1985) reported Sm—
Nd T, model ages of ~3.7 Ga for the Meeberrie Gneiss
in the Mt Narryer area and ~3.54 Ga for a sheet of Dugel
Gneiss within the Meeberrie Gneiss.

In 1982, Robert Pidgeon joined the WAIT group and
set up a conventional TIMS U-Pb laboratory for zircon
geochronology. Research in collaboration with Simon
Wilde, who had recently joined WAIT from the GSWA,
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focused on greenstone belts in the western Yilgarn
Craton, including the Saddleback and Wongan Hills
belts, and identified two ages of greenstone volcanism—
at ~3000 and ~2700 Ma—in the Youanmi and South West
Terranes of the Yilgarn Craton (Wilde & Pidgeon 1986;
Pidgeon et al. 1990).

Advent of SHRIMP at the ANU

The inability of first-generation ion microprobes to
resolve Pb isotopes from unwanted molecular
interferences in lunar samples led Compston, together
with his former student S W Clement, to initiate a project
in the early 1970s to build a high-resolution ion
microprobe at the ANU Research School of Earth Sciences
(Clement et al. 1977). The instrument, known as the
Sensitive High Resolution Ion Microprobe (SHRIMP),
had a working mass resolution of over 5000 and could
easily resolve the isotopes of Pb from most isobaric
interferences. This instrument was revolutionary in that
static analyses could be made on 10-20 um diameter
spots on selected parts of zircon crystals, allowing
inherited and disturbed parts to be avoided and leading
to uncomplicated age determinations. Also, the speed of
analysis meant that a large number of zircons could be
analysed in a short time. With this new capability, it
became possible to determine the distribution of detrital
zircon ages in sedimentary samples, a task impractical
using slow conventional TIMS techniques. Ireland et al.
(2008) provided a comprehensive history of the
development of SHRIMP I, from 1975 to 1980, and its
commissioning in 1983. This instrument was to
fundamentally change U-Pb zircon geochronology
worldwide.

Hadean zircons discovered at Mt Narryer and the Jack
Hills

The first project undertaken using the SHRIMP I ion
microprobe was an investigation of the ages of detrital
zircons in a conglomerate from Mt Narryer (Figure 1), an

Figure 2 Geochronologists in 1987
on the outcrop of Jack Hills
metaconglomerate sample W74,
which contains zircons with ages in
excess of 4.0 Ga. From left to right:
i M T McCulloch, D R Nelson, W
. Compston, R T Pidgeon, I R Fletcher,

~ S A Wilde and I S Williams.
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area in the northwestern corner of the Yilgarn Craton
already known to be extremely old from the Rb-Sr
results of De Laeter et al (1981a, 1985). Samples were
provided by Ian Williams and John Myers of the GSWA.
The amazing discovery of a small number of zircon
grains with ages greater than 4 Ga (Froude et al. 1983)
focused worldwide attention on this area of the Yilgarn
Craton and demonstrated the unique analytical capacity
of the SHRIMP.

In the 1980s, Robert Pidgeon from WAIT and later
Neal McNaughton from UWA took Archean zircon
samples to Canberra for analysis on the SHRIMP. An
important result of this research was the discovery of
detrital zircons with ages >4.2 Ga in a quartz-pebble
conglomerate from the Jack Hills (Figures 1, 2)
(Compston & Pidgeon 1986) confirming the earlier results
from Mt Narryer and extending the distribution of very
old zircons. At the time, the reality of the old ages was
questioned in the literature and doubts were raised about
the integrity of the new SHRIMP (Scharer & Allegre
1985). However, these doubts were put to rest by reports
of >4 Ga ages for Jack Hills zircons determined by single-
zircon Pb-evaporation by Kober et al. (1989) of the
University of Heidelberg in Germany, and by TIMS U-
Pb analysis by Amelin (1998), then at the Royal Ontario
Museum. The discovery of ancient zircons at Jack Hills
foreshadowed extensive studies of the old grains by
isotope and geochemical techniques, because these grains
were the only known surviving fragments of the Hadean
period of Earth’s history (De Laeter & Trendall 2002;
Wilde & Spaggiari 2007).

Geochronological research then focused on the old
gneisses surrounding the conglomerates in an attempt to
locate the parent rocks of the >4 Ga zircons. Kinny et al.
(1988) from the ANU reported SHRIMP U-Pb zircon ages
of 3678 + 6 Ma for the monzogranitic Meeberrie Gneiss
(Myers & Williams 1985), 3381 + 22 Ma for the
leucosyenogranitic Dugel Gneiss, and 3730 + 6 Ma for
meta-anorthosite of the Manfred Complex. Fletcher et al.
(1988) reported a Sm—-Nd, Pb-Pb, and Rb-Sr age of ~3.69
Ga for the Manfred Complex. Nutman et al. (1991) from
the ANU reported the results of a comprehensive
SHRIMP U-Pb study of zircons from the Narryer Gneiss
Complex including an age of 3731 + 4 Ma for a tonalite of
the Meeberrie Gneiss. Kinny & Nutman (1996)
emphasised that it is impossible to quote a single age for
the Meeberrie Gneiss in the Mt Narryer region as it is a
polyphase migmatite that has been metamorphosed to
granulite facies, with ages ranging from 3730 to 3300 Ma.
Nutman et al. (1993) used U-Pb zircon geochronology
and Nd isotope geochemistry to map gneiss units of
different ages in the Narryer Gneiss Complex,
recognising a ~100 km wide tract of 3700-3300 Ma
gneisses, flanked by 3000-2900 Ma gneisses, and all
intruded by 2750-2620 Ma granites. Granites from near
the Jack Hills showed complex zircon U-Pb systems but
recorded age peaks at 3.75-3.65, 3.50 and 3.3 Ga (Pidgeon
& Wilde 1998).

Research has continued on the old zircons from Mt
Narryer and the Jack Hills using a variety of isotopic and
chemical techniques, and the list of publications is too
great to be covered in detail in this short overview. Maas
& McCulloch (1991) investigated the U-Pb age, Nd
isotopes, and REE chemistry of Jack Hills zircons and
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concluded they originated within a felsic parent rock. A
notable contribution was that of Crowley et al. (2005) who
made an ICPMS U-Pb age study of zircons from several
outcrops of metaconglomerate and quartzite in the Jack
Hills and Mt Narryer area and identified different trends
in the age spectra which bear on the provenance of the
zircons. Research groups from the University of
Wisconsin, in association with Simon Wilde from Curtin
University, and University of California, Los Angeles, in
association with Robert Pidgeon of Curtin University,
identified isotopically-heavy oxygen in the >4 Ga zircons
and interpreted this as evidence for the existence of
oceans on Earth ~4.3 Ga years ago (Wilde et al. 2001; Peck
et al. 2001; Mojzsis et al. 2001; Valley et al. 2002; Cavosie et
al. 2005).

SHRIMP II installed at Curtin University

A major landmark in the ongoing geochronological
investigation of the Yilgarn and Pilbara Cratons was the
initiative by John De Laeter to form a consortium
comprising Curtin, GSWA and UWA, for the purpose of
purchasing the first commercial SHRIMP instrument,
SHRIMP II. University and GSWA funding was
supplemented by a large equipment grant from the
Australian Research Council. The SHRIMP II was installed
at Curtin University in 1993 and Allen Kennedy was
appointed as manager of the SHRIMP facility (De Laeter
& Kennedy 1998). A second SHRIMP was installed at
Curtin in 2003 under the umbrella of the Federal
Government’s Systemic Infrastructure Initiative, with
support from the Government of Western Australia. With
these instruments, zircon U-Pb geochronological research
into the Archean of Western Australia accelerated rapidly.

SHRIMP U-Pb dating at GSWA

Another landmark decision that greatly enhanced
geochronological research in the Yilgarn and Pilbara
Cratons was the 1989 appointment of a geochronologist,
Ian Fletcher, at GSWA to support its field program. He
utilised primarily the Sm-Nd technique. However, as
partners in the new SHRIMP, U-Pb zircon
geochronology became a prominent tool at GSWA, and
David Nelson, a recent graduate from the ANU, was
appointed as the GSWA geochronologist in 1990,
following Ian’s departure.

GSWA has published an annual compilation of
SHRIMP geochronological results since 1995. The first
report, Nelson (1995), described results obtained in 1994,
and included 26 SHRIMP U-Pb zircon analyses on felsic
intrusive and extrusive rocks of the Eastern Goldfields.
Nelson (1997a) reported SHRIMP measurements on 35
zircon samples, which revealed that felsic volcanic rocks
were erupted in the southern part of the Eastern
Goldfields between 2713 and 2672 Ma and were intruded
by coeval granite sheets. Between 1995 and 2005, GSWA
published more than 400 Geochronology Records that
describe results for Archean samples dated by David
Nelson.

An exceptional discovery made in this period was the
presence of >4.0 Ga zircon xenocrysts in two late Archean
granites from the Narryer Terrane and the Murchison
Province (Nelson 1996, 1997c). The core of Xxenocrystic
grain 11 from the ~2636 Ma granitic gneiss at Churla
Well in the Narryer Terrane produced a ?"Pb/*Pb age of



WA Science—Journal of the Royal Society of Western Australia, 97(1), June 2014

4183 + 6 Ma (Nelson et al. 2000). The significance of this
discovery in terms of the source rocks of the ancient
zircons and of early crustal processes has not been
resolved.

Also in this period, SHRIMP measurements of detrital
zircons from quartzitic metasedimentary rocks in the
Gum Creek, Maynard Hills and Illaara greenstone belts
of the Southern Cross Domain (Figure 1) identified new
sources of >4 Ga zircons (Wyche et al. 2004; Nelson 2005;
Thern & Nelson 2012). Although it was previously
thought that the ancient zircons were confined to the
Narryer Terrane, these new discoveries extended the
range of >4 Ga zircons to metasedimentary rocks in the
centre of the Yilgarn Craton.

Nelson left GSWA in 2004 and was replaced by Curtin
PhD graduate Simon Bodorkos. He was joined in August
2005 by Michael Wingate, a PhD graduate from the
SHRIMP group at the ANU, then employed at the
Tectonics Special Research Centre at UWA. Bodorkos left
GSWA in 2007 to continue geochronology at Geoscience
Australia, and Chris Kirkland joined GSWA as a
geochronologist in 2008. Kirkland also brought
experience in using isotopes such as Lu-Hf and Sm-Nd
to explore crustal evolution. Wingate and Kirkland have
expanded GSWA'’s extremely successful geochronology
program; the Survey has so far published about 1150
Geochronology Records (mainly SHRIMP U-Pb zircon
ages of individual rock samples), of which slightly more
than half represent Archean rocks of the Yilgarn and
Pilbara Cratons.

Ongoing isotopic dating of the Yilgarn Craton

In further studies, Nemchin & Pidgeon (1997) reported
SHRIMP U-Pb zircon results for the Darling Range
granites, concluding that they were emplaced between
2648 and 2626 Ma, and showing that the zircons contained
2690-2650 Ma cores. Schiotte & Campbell (1996), at the
ANU, reported zircon ages of 2716-2696 Ma for granites
within greenstone belts in the Mt Magnet area and 2710

Figure 3 Geochronologists in 2013
in the SHRIMP laboratory at Curtin
University. From left to right: P D
Kinny, M T D Wingate, A 1S Kemp,
N ] McNaughton and C L Kirkland.

and 2694-2640 Ma for external granites. Wiedenbeck &
Watkins (1993) reported similar ages of 2641 + 5 and 2602
+ 14 Ma for post-folding granites from the same region.
The ages of volcanism in the Murchison Domain, at 2.76—
2.72 Ga (Pidgeon & Hallberg 2000), are comparable with
zircon ages of ~2.73 Ga for felsic volcanic rocks from the
Marda Complex (Pidgeon & Wilde 1990), but are
marginally older than the ~2.71-2.67 Ga volcanic activity
in the Eastern Goldfields (Nelson 1997b). The 1998 PhD
thesis of Qi Wang at ANU provided an extensive dataset
of new geochronological results for Archean granites and
volcanic rocks, mainly from the Murchison and Southern
Cross Domains (Wang 1998).

Between 2000 and 2008, several university-—
government projects generated an impressive amount of
geochronology data for the Yilgarn Craton. Fifty-two
ages were published for Archean rocks as part of the
Norseman-Wiluna Synthesis Project, a collaboration
between Geoscience Australia (GA) and UWA aimed at
providing geochronological constraints on geodynamic
and tectonic models for the Eastern Goldfields (Fletcher
et al. 2001; Dunphy et al. 2003). Another comprehensive
research project, funded by the Minerals and Energy
Research Institute of Western Australia (MERIWA), on
the characterisation and metallogenic significance of
Archean granitoids, included U-Pb zircon and titanite
ages, and Sm-Nd and Pb-Pb results, for 60 granites
across the Yilgarn Craton (Fletcher & McNaughton 2002).
GA published U-Pb zircon results for 14 granites in the
Eastern Goldfields and 13 in the South West Terrane
(Sircombe et al. 2007). Kositcin et al. (2008) reported the
results of a project funded by the Australian Minerals
Industry Research Association (AMIRA), including 35 U-
Pb zircon ages for metavolcanic and metasedimentary
rocks in the Eastern Goldfields.

Zircon provenance studies

The ability of the SHRIMP ion microprobe to conduct a
large number of U-Pb zircon analyses in a short time
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(~15 minutes per analysis) has opened the way for
provenance studies based on surveys of the age
distribution of detrital zircons. This is best illustrated by
the studies of the zircons in quartzites from Mt Narryer
(Froude et al. 1983; Crowley et al. 2005; Pidgeon &
Nemchin 2006) and the Jack Hills (Dunn et al. 2005)
(Figure 1). These studies demonstrated that detrital
zircons in these samples consist of two main age
components: a main group with ages between 3.7 and 3.0
Ga and a subordinate group with ages between 4.37 and
3.9 Ga. SHRIMP provenance studies of detrital zircon
suites from quartzites from elsewhere in the Yilgarn
Craton (Kinny 1990; Bosch et al. 1996; Pidgeon et al. 2010)
found that the quartzites of the Jimperding
Metasedimentary Belt (Figure 1), which resemble
quartzites of the Narryer Terrane, contain detrital zircons
with ages between 3.8 and 3.0 Ga, but none older than 4
Ga, suggesting that the source rocks of the ancient
zircons were not present in the provenance of the
Jimperding sediments.

Early geochronology of the Pilbara Craton

Early research in the Pilbara Craton (Figure 1) was
constrained by its remoteness and the lack of detailed
geological maps, until publication of the GSWA
mapping, starting with Hickman & Lipple (1975). The
earliest determination of an Archean age for the Pilbara
Craton was a *"Pb/*Pb age of 2790 + 25 Ma for
tanteuxenite from Woodstock, determined in the mass
spectrometry laboratory at UWA (Greenhalgh & Jeffery
1959). An early outcome of close relationships developed
between the Bureau of Mineral Resources (now GA),
GSWA, and the ANU was the report by Leggo et al (1965)
of Rb—Sr whole-rock ages of ~3000 Ma for a granite and
felsic volcanic rocks from the Pilbara Craton. As a result
of the cooperation between the WAIT group and GSWA,
De Laeter & Trendall (1970) reported a Rb—Sr whole-rock
isochron date of 2880 + 66 Ma for the Copper Hills
Porphyry. De Laeter and Blockley (1972) reported a Rb—
Sr whole-rock isochron age of 3125 + 366 Ma for foliated
granitic gneiss near Marble Bar and 2670 + 95 Ma for the
Moolyella Monzogranite. They concluded from the initial
¥Sr/%Sr that the granitic gneiss was close to primary
crustal material whereas the Moolyella Monzogranite
consists of reworked material. De Laeter et al. (1975)
reported a well defined Rb-Sr whole-rock isochron age
of 2951 + 83 Ma for gneissic granite from the Shaw
Granitic Complex and 2606 + 128 Ma for the Cooglegong
Monzogranite which intrudes the batholith.

In 1974, Virginia Oversby at the ANU undertook a
program of research on common-Pb mineral systems and
reported Pb—Pb data for whole-rock and feldspar samples
from gneissic granites along the Mt Newman railway
line, which showed that primary ages of granite domes
were in the order of 2950 Ma, whereas a number of the
samples showed signs of secondary disturbance
(Oversby 1976).

Old age of the Big Stubby lead

The first evidence of an exceptionally old age for the
Warrawoona Group of the Pilbara Craton was the report
by Sangster & Brook (1977) of the isotopic composition of
Pb from the Big Stubby deposit in the Duffer Formation
near Marble Bar. They found that this Pb has the most
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primitive isotopic composition of any conformable Pb
and estimated its age at ~3500 Ma from the Stacey-
Kramers Pb-evolution model (Stacey & Kramers 1975). In
1977, Pidgeon established an isotope dilution TIMS U-Pb
laboratory at the Research School of Earth Sciences at the
ANU and published a zircon age of 3452 + 16 Ma for
dacite of the Duffer Formation within the Warrawoona
Group (Pidgeon 1978a), recently mapped by Hickman &
Lipple (1975). This result confirmed the antiquity of the
Warrawoona Group indicated by the Pb composition of
the Big Stubby deposit (Sangster & Brook 1977) and was
the first precise age determined on the volcanic
succession of the Warrawoona Group. Further Pb isotope
studies of galena by Richards et al. (1981) corroborated
the primitive isotopic compositions of the Pilbara
conformable leads.

Dating of granites and greenstones in the Pilbara

Geochronological research continued on the Pilbara
granites. The first age determination on the Mt Edgar
Granitic Complex was the 2670 + 95 Ma Rb-Sr isochron
age for the Moolyella Monzogranite (De Laeter &
Blockley 1972). Compston & Arriens (1968) used 12
samples of the Mt Edgar Granitic Complex to obtain a
Rb-Sr age of ~3050 Ma; this was later recalculated by De
Laeter to 3279 + 169 Ma (Hickman 1983). Pidgeon (1978b)
reported a U-Pb zircon age of 3280 + 20 Ma for a
granodiorite sample from this batholith. Williams &
Collins (1990) reported SHRIMP U-Pb zircon ages of
~3440 Ma for the oldest gneissic part of the Mt Edgar
Granitic Complex and ~3310 Ma for younger post-
tectonic phases of the batholith. The similarity of these
ages with those of volcanism led these authors to propose
that granite-greenstone terranes in the Pilbara Craton
represented coeval volcano-plutonic complexes.

McNaughton et al. (1988) obtained a date of 3578 + 2
Ma for gabbroic anorthosite in the Shaw Granitic
Complex. Bickle et al. (1989) reported Pb—Pb ages of ~2966
Ma for younger granite plutons in the same batholith
and Bickle et al. (1993) reported Pb—Pb results confirming
the ~3450 Ma age of a major component of the batholith
and identifying a minor component at 3338 + 52 Ma. The
North Pole Monzogranite, which intrudes greenstones 20
km north of the Shaw Granitic Complex, was dated at
3459 + 18 Ma (TIMS U-Pb zircon age) by Thorpe et al.
(1992).

Models for the evolution of the region were reviewed
by Hickman (1981). Critical to these models were
geochronological constraints on relationships between
the granites and the volcanic successions. Pidgeon (1984)
reported U-Pb zircon ages for the Boobina and Spinaway
Porphyries of 3307 + 19 and 2768 + 16 Ma, respectively.
The Boobina Porphyry intrudes greenstones of the upper
Warrawoona Group, and the Spinaway Porphyry
intrudes lower units of the unconformably overlying
volcanic and sedimentary rocks of the Fortescue Group.
Barley & De Laeter (1984) reported a Rb-Sr whole-rock
age of 3471 + 125 Ma for volcanic rocks equivalent to the
Duffer Formation, and De Laeter & Martyn (1986)
reported a Rb—Sr whole-rock age of 3234 + 117 Ma for
molybdenum-—copper mineralisation at Coppins Gap.
McCulloch et al. (1983) obtained Sm-Nd model ages of
3430 and 3400 Ma for felsic volcanic rocks of the Duffer
Formation.
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Thorpe et al. (1992) published the results of a
comprehensive isotope dilution TIMS U-Pb zircon
investigation, conducted at the Geological Survey of
Canada, of Archean felsic units in the Marble Bar region.
They found that felsic volcanic rocks of the Warrawoona
Group, from the Duffer Formation upwards but with the
exception of the Wyman Formation, were deposited in a
restricted time period between 3471 and 3449 Ma. U-Pb
zircon results from the Wyman Formation defined an age
of 3325+ 3 Ma, indicating a younger volcanic episode.
Horwitz & Pidgeon (1993) reported a zircon age of 3.1 Ga
for a tuff from the Sholl Belt in the west Pilbara,
demonstrating that these volcanic rocks were distinctly
younger than volcanic rocks of the Marble Bar region.
The SHRIMP U-Pb zircon age of 3515 + 3 Ma for volcanic
rocks of the Coucal Formation of the Warrawoona Group
(Buick et al. 1995) is the oldest age reported so far for
volcanism in the Pilbara Craton.

In a major contribution, Alec Trendall applied
SHRIMP zircon geochronology to establish the age of the
banded iron-formations of the Hamersley Group of the
Mt Bruce Supergroup, which overlies granite-greenstone
basement of the Pilbara Craton (Trendall et al. 1998). This
work demonstrated continuous deposition in the
Fortescue and Hamersley Basins for at least 325 million
years, from 2775 to 2450 Ma (Trendall & Blockley 2004).

Dating the world’s oldest fossils and oldest terrestrial
impacts

Stromatolites in cherts of the Dresser Formation of the
Warrawoona Group are the world’s oldest known fossils
(Walter et al. 1980; Van Kranendonk et al. 2008). The
Dresser Formation underlies the Duffer Formation, for
which TIMS U-Pb analyses of zircon from two localities
indicated upper intercept dates of 3471 + 5 Ma and 3465
+ 3 Ma (Thorpe et al. 1992). These results represent a
minimum age for the fossils. SHRIMP analysis of detrital
zircons from a felsic volcaniclastic sandstone in the lower
chert-barite unit of the Dresser Formation defined a
dominant 3525 Ma age component. However one
concordant grain has a *”Pb/**Pb date of 3481 + 3 Ma,
which is interpreted as a maximum age for deposition of
the Dresser Formation and for the stromatolites (Wingate
et al. 2009).

The Antarctic Creek Member of the Mt Ada Basalt,
which lies beneath the Duffer Formation but above the
Dresser formation, is notable for containing spherule-
bearing layers that represent the world’s oldest recognised
terrestrial impacts (Lowe & Byerly 1986; Glikson et al.
2004). Byerly et al. (2002) reported a SHRIMP date of 3470
+ 2 Ma for euhedral zircons from the Antarctic Creek
Member spherule-bearing unit, which agrees within
uncertainty with the age of the Duffer Formation. They
interpreted the zircons as detrital grains derived locally
from coeval or slightly older felsic igneous rocks rather
than as material from the impact target and considered the
date to approximate the depositional age of the cherts.
Most remarkably, Byerly et al. (2002) obtained an identical
result for a comparable spherule-bearing layer in the
Barberton greenstone belt in South Africa.

Hf isotopes in Jack Hills zircons
The application of the "*Lu—""*Hf decay system to ancient
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detrital zircons from the Jack Hills as a means of
investigating the earliest processes on Earth is another
recent development in the application of
geochronological techniques to the Western Australian
Archean. Hafnium, as Hf*, and zirconium, as Zr*, have
very similar ionic radii (0.84 and 0.83 A, respectively),
hence hafnium is a significant component in zircon
(typically up to 2% in granitic zircons). Lu is also present
in zircon, but only at the ppm level, so the radiogenic
7¢Hf in zircon closely represents the Hf isotopic
composition of the source magma. Studying this system
in the ancient Jack Hills zircons provides information on
the nature of the Hadean parent magmas.

The first investigation of Hf isotopes in the ancient
zircons, by Amelin et al. (1999), reported the analyses of 37
zircons from Jack Hills conglomerate sample W74. They
concluded that no zircons showed any evidence of an
early depleted mantle and that the crust was a significant
age when the zircons grew. In contrast, Harrison et al.
(2005) and Blichert-Toft & Albaréde (2008) reported Hf
results that indicated a widespread depleted mantle.
However, Kemp et al. (2010), from a combined Hf and Pb
study of 68 Jack Hills zircons, found no evidence in
support of a strongly depleted Hadean mantle, in
agreement with Amelin ef al. (1999). They interpreted their
data to suggest that Hadean source reservoirs generated
granitic magmas throughout the Archean, supporting the
notion of a long-lived and globally extensive Hadean
protocrust that may have comprised the nuclei of some
Archean cratons (Kemp et al. 2010).

Geochronological framework of the Pilbara and
Yilgarn Cratons

Owing to the constraints of this review, only a brief
summary can be made here of the geochronological
knowledge of the Archean cratons of Western Australia.
Readers interested in the detailed geochronology are
referred to recent overviews of the geological history of
the Yilgarn Craton (Kositcin et al. 2008; Wyche et al. 2012;
Van Kranendonk et al. 2010, 2013) and the Pilbara Craton
(Hickman & Van Kranendonk 2012a, b).

The exposed Pilbara Craton (Figure 1) has been
divided into five granite-greenstone terranes (East
Pilbara Terrane, West Pilbara Superterrane, comprising
the Regal, Karratha and Sholl Terranes, and the Kurrana
Terrane) and five principal volcanosedimentary basins
(Hickman & Van Kranendonk 2012a, b). The extensive
U-Pb zircon dataset now available for Pilbara rocks has
resulted in closely controlled geochronological
correlation of volcanic and granitic activity within the
craton. Granite-greenstones in the Pilbara terranes have
been dated at 3.52 to 3.07 Ga, formation of basins from
3.02 to 2.93 Ga, and post-orogenic granites from 2.89 to
2.83 Ga. The overlying Fortescue, Hamersley and Turee
Creek Groups represent a 2.78-2.42 Ga succession of
interbedded clastic and chemical sedimentary and
volcanic rocks (Hickman & Van Kranendonk 2012a, b).

The Yilgarn Craton (Figure 1) is divided into the South
West, Youanmi and Narryer Terranes and the Eastern
Goldfields Superterrane (Cassidy et al. 2006). The Narryer
Terrane contains the oldest rocks in the craton (>3.7 Ga),
and the ~3.0 Ga quartzitic metasedimentary rocks at Mt
Narryer and the Jack Hills contain detrital zircons with
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ages from 4.37 to 3.90 Ga. The Youanmi Terrane is
divided into the Murchison and Southern Cross
Domains, and includes ~3.0 and 2.8-2.7 Ga greenstone
belts within vast areas of 2.8-2.6 Ga granitoids. In the
Southern Cross Domain, quartzitic metasedimentary
rocks in the Gum Creek, Maynard Hills and Illaara
Greenstone Belts (Fig. 1) contain zircons with ages from
4.35 to 3.90 Ga (Wyche et al. 2004). The South West
Terrane also has ~3.0 and 2.7 Ga greenstone belts isolated
within vast areas of 2.7-2.6 Ga granites. However, the
~3.0 Ga quartzitic metasedimentary rocks do not contain
detrital zircons older than 3.6 Ga (Pidgeon ef al. 2010).

In the Eastern Goldfields Superterrane (Fig. 1), which
includes the Kalgoorlie, Kurnalpi, Burtville, and
Yamarna Terranes, four main periods of volcanism and
granite emplacement have been recognised at 2970-2910,
2815-2800, 2775-2735 and 2715-2620 Ma (Pawley et al.
2012; Wyche et al. 2012). Mole et al. (2012) reported
patterns of granite formation ages in the southern Yilgarn
Craton, highlighting distinct periods of granite formation
followed by quiescence from ~3.0 to 2.6 Ga. The ages
broadly decrease from west to east and appear to follow
a pattern of progressively increasing activity culminating
in a final, voluminous granite magmatic event at 2650 to
2620 Ma (Mole et al. 2012). The eastern Yilgarn Craton
exhibits younger Nd model ages compared to those in
terranes west of the Ida Fault, indicating that the crust
forming the Eastern Goldfields Superterrane is younger
and significantly more juvenile than the western Yilgarn
Craton, which comprises older, reworked crust
(Champion & Cassidy 2007; Wyche et al. 2012; Mole et al.
2013). This has profound implications for mineral
exploration and is an exceptional outcome underpinning
the value of building regional datasets of Nd and other
isotopes, such as Lu-Hf (Kirkland et al. 2011).

Future isotopic dating studies of Archean cratons of
Western Australia

The immediate future of geochronological studies of the
Archean rocks of Western Australia will see an expansion
of the regional zircon U-Pb dataset, to refine the
geochronological framework of the cratons and focus on
specific problems of ore genesis or tectonic boundaries.
There will also be further studies of the old rocks and old
zircons to elucidate the Hadean history of the Yilgarn
Craton and of the Earth itself. Recent SHRIMP dating by
Tony Kemp at UWA obtained a unimodal 3752 Ma zircon
age for a well-preserved meta-anorthosite of the Manfred
Complex near Mt Narryer (Tony Kemp pers. comm.
2013), now the oldest known rock in Australia.

More emphasis will be directed towards dating the
mafic components of greenstone belts, following the
recognition that many mafic intrusive rocks can be dated
successfully using zircons found in felsic differentiates,
or using baddeleyite (ZrO,) in coarse-grained, weakly or
non-metamorphosed gabbro or dolerite (Wingate 1999).
This approach has identified suites of large, ~2.8 Ga
mafic-ultramafic intrusions that make up to 40% by
volume of greenstones in the northern Murchison
Domain and host important V and PGE mineralisation
(Ivanic et al. 2010). Similar ages for gabbros in the
Southern Cross Domain (Wingate et al. 2011) and
Burtville Terrane (Pawley et al. 2012), suggest the
possibility of a 2.8 Ga Yilgarn-wide event, but no
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significant mafic rocks of this age have so far been found
in the intervening Kalgoorlie or Kurnalpi Terranes.

New studies by Ian Campbell, Yuri Amelin, and
students at ANU are following up SHRIMP or laser-
ablation ICPMS U-Pb analyses with chemical abrasion
and ultra-high-precision TIMS analyses of the same
zircons, to address the need for the extreme time
resolution (sub-million-year precision: Amelin & Davis
2006) necessary to understand greenstone belt evolution
and solve stratigraphic issues in the Eastern Goldfields,
where many events —including mineralisation —occurred
in only a few million years. TIMS U-Pb geochronology is
currently undergoing a resurgence in Perth, thanks to
renewed interest by Steve Denyzsyn (UWA), Alexander
Nemchin (Curtin) and GSWA.

With the increasing spatial coverage of the zircon U-
Pb database, further studies of patterns and regional
trends of ages, inherited components, Th/U ratios, and
radiation damage will provide key information on the
thermal history and deep structure of the cratons. The
database also includes Sm-Nd, Lu-Hf, Pb, Ar-Ar and
Rb-Sr datasets, as well as stable isotopes such as oxygen
and lithium, and all of these will play an increasing role
in developing our geological understanding. As
demonstrated so convincingly by the Nd results
(Champion & Cassidy 2007; Wyche et al. 2012; Mole et al.
2013), patterns in the geochronological data, possibly
combined with geochemistry and geophysics datasets,
have the potential to elucidate the history of the Archean
cratons and identify the oldest fragments of the Earth’s
crust, and to resolve their evolution in space and time.

CONCLUSIONS

In this brief review, we have followed the emergence of
geochronology as a key discipline in our understanding
of the Archean geology of Western Australia, from the
early pioneering efforts of Jeffery and his group at UWA
in the 1950s to the highly efficient field-integrated
program of SHRIMP-based U-Pb zircon dating currently
undertaken by GSWA. Since the 1950s there have been
immense changes in the instrumentation and techniques
applied to geochronology and this technological
evolution is continuing today with new developments in
mass spectrometry, micro-crystallography, and laser and
ion microprobes. The development of new
instrumentation has been accompanied by the evolution
of ideas and applications of geochronological systems.
The great breakthrough in the development of Rb-Sr
whole-rock dating in the 1950s has now been superseded
by the application of U-Pb zircon geochronology in the
1990s.

In Australia at least, TIMS geochronology was largely
supplanted by the expansion of SHRIMP-based dating in
the 1980s and 90s. This has removed the need for highly
demanding isotope dilution chemistry and opened up
geochronology to all geologists, whereas before, the
demands of the technology required that many
exponents were analytically trained physicists and
chemists. However, isotope-dilution TIMS remains an
essential complement to micro-analytical methods, and is
still the best technique for high-precision analysis of
homogeneous minerals.
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It is fair to say that the value of geochronology in
solving problems of Archean correlations, in elucidating
crustal evolution, and in placing mineral systems in
tectonic settings, was not well appreciated by
government and industry geologists up until the 1980s,
except by a few outstanding individuals such as Alan
Wilson and Alec Trendall. This has now changed and we
look forward to new developments in technology and
new ideas in the application of geochronology and
isotope geology to problems of Archean geology in
Western Australia in the years to come.
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